A cDNA library prepared from fertilized eggs of the ascidian Halocynthia roretzi was screened for prelocalized mRNAs in the early embryo by means of whole-mount in situ hybridization using a digoxigenin-labeled antisense RNA of each clone. Random mass screening of 150 cDNAs in a fertilized egg yielded six different clones which showed mRNA localization in the posterior-vegetal cytoplasm of the 8-cell embryo. An in situ hybridization study of the detailed spatial distribution of each mRNA in embryos of various stages revealed that there are, in contrast to the identical localization in embryos after the 16-cell stage, two distinct patterns of RNA distribution at earlier stages. One is colocalization with the myoplasm from the prefertilization stage to the 8-cell stage (type I postplasmic RNAs). The other is delayed accumulation of RNA at the posterior-vegetal cytoplasm after fertilization (type II postplasmic RNAs). We found that both types of RNAs associate with the cytoskeleton, but that they show different sensitivities to inhibitors of the cytoskeleton; translocation of the type I RNAs is dependent upon microfilaments during the first phase of ooplasmic segregation and dependent upon microtubules during the second phase of segregation, whereas translocation of the type II RNAs is dependent upon microfilaments throughout ooplasmic segregation. These results show that there are two pathways for the localization of the RNAs at the posterior-vegetal cytoplasm in the 8-cell embryo of the ascidian H. roretzi. FIG. 3. (A-J) The movement of type II mRNAs during the ooplasmic segregation. (A, B, and C) HrPet-1, (D, E, and F) HrPet-2, and (G, H, I, and J) HrPet-3 mRNAs were detected. (A, D, and G) Unfertilized eggs. (B, E, and H) Fertilized eggs after completion of the first phase of the ooplasmic segregation. ani, animal pole; veg, vegetal pole of the eggs. Strong signals were observed at the vegetal pole of the eggs 370 Sasakura, Ogasawara, and Makabe FIG. 6. Cytochalasin B and nocodazole affect the localization of type II mRNAs. (A, B, C, and D) HrPet-1 mRNA, (E, F, G, and H) HrPet-2 mRNA, and (I, J, K, and L) HrPet-3 mRNA were stained. (A, E, and I) Fertilized eggs treated with cytochalasin B (CytB) during the first phase of the ooplasmic segregation. No localization of type II mRNAs was observed. (B, F, and J) Fertilized eggs treated with cytochalasin B during the second phase of the ooplasmic segregation. Type II mRNAs were distributed in the cytoplasm of the eggs. (C, G, and K) Fertilized eggs treated with nocodazole (NCDZ) during the first phase of the ooplasmic segregation. ani, animal pole; veg, vegetal pole of the eggs. Type II mRNA moved normally toward the vegetal poles of the eggs. (D, H, and L) Fertilized eggs treated with nocodazole during the second phase of the ooplasmic segregation. Type II mRNA did not shift toward the posterior pole and was dispersed in the cytoplasm. Scale bar, 100 m. 374 Sasakura, Ogasawara, and Makabe FIG. 7. (A-D) The distribution of type II mRNAs in embryos exposed to cytochalasin B after ooplasmic segregation. (A and B) HrPet-2 mRNA and (C and D) HrPet-3 mRNA were stained. (A and C) Embryos treated with cytochalasin B (CytB) from the two-cell stage to the eight-cell stage. (B and D) Embryos treated with cytochalasin B from the four-cell stage to the eight-cell stage. Scale bar, 100 m. (E-M) The distribution of type II mRNAs in the embryos after long-term exposure to nocodazole (NCDZ). (E, F, and G) HrPet-1 mRNA, (H, I, and J) HrPet-2, mRNA, and (K, L, and M) HrPet-3 mRNA were stained. (E, H, and K) Embryos treated with nocodazole after fertilization until the eight-cell stage. Ring-shaped signals of the type II mRNAs were observed at the cortex of the embryos (arrows). (F, I, and L) Embryos treated with nocodazole from the completion of the first phase of the ooplasmic segregation until the eight-cell stage. Ring-shaped signals smaller than those in E, H, and K were observed (arrows). (G, J, and M) Embryos treated with nocodazole after completion of the second phase of the ooplasmic segregation until the eight-cell stage. Normal mRNA localization was observed (arrow). Scale bar, 100 m.
INTRODUCTION
Embryonic development in many animals depends on the proper temporal and spatial patterns of localized expression of maternal genes. Since the first report of polarized mRNA distribution within a cell, in which actin mRNA was shown to be preferentially accumulated in a region of the ascidian egg , numerous reports of mRNA localization in oocytes, eggs, embryos, and somatic cells have followed (for reviews, Wilhelm and Vale, 1993; ). An important focus of current research is to identify the localized mRNAs and to define the mechanisms for the localization of the RNAs in the egg. To date, several pathways for the localization of mRNAs have been studied and models for the mechanisms of the localization have been proposed in Xenopus (Yisraeli et al., 1990; Kloc and Etkin, 1995) and Drosophila (Glotzer and Ephrussi, 1996) . Little is known, however, about the mechanisms in the ascidian.
In ascidians, there occurs a spectacular rearrangement of egg cytoplasm after fertilization, called ooplasmic segrega-tion, which establishes at least three cytoplasmic regions, i.e., ectoplasm, myoplasm, and endoplasm, and which determines the anteroposterior axis of the embryo (Conklin, 1905) . Ooplasmic segregation displaces several subcellular components. In situ hybridization studies with poly(U) and cloned DNA probes have revealed that actin mRNA is concentrated in the ectoplasm and myoplasm, while many poly(A) ϩ RNAs are concentrated in the ectoplasm (Jeffery and Capco, 1978; Jeffery, 1983) . In addition, some maternal genes which are localized in the myoplasm and segregated to the muscle lineages during embryogenesis have been isolated Jeffery, 1995, 1996b) . These RNAs continue to be localized in the same cytoplasmic regions, suggesting that localized RNAs associate with structural components in the cytoplasm so that they segregate along with the cytoplasm. Recently, several RNAs, including pems, Wnt-5, and POPK-1, were found to be localized near the myoplasm until the 8-cell stage, but then translocated into the posteriormost region of the embryo (Yoshida et al., 1996; Satou and Satoh, 1997; Sasakura et al., 1998a,b) . These reports led us to hypothesize that another cytoplas-mic region containing specific molecules is present in the posterior-vegetal part in the embryo and we named it the postplasm (Sasakura et al., 1998a) . The postplasm contains several specific mRNAs mentioned above and also a specific subcellular structure including the centrosomeattracting body (CAB) (Hibino et al., 1998) . The postplasm can be distinguished from the myoplasm as early as the 16-cell stage, when the myoplasm is distributed to the two daughter blastomeres of B4.1, while the postplasm is inherited only by the posterior daughter blastomere. Another RNA sequestration mechanism different from that in the myoplasm may operate in the postplasm.
Ooplasmic segregation consists of two distinct phases (e.g., Conklin, 1905; Sawada, 1988; Sardet et al., 1989) . The first phase involves a rapid movement of peripheral cytoplasm to form a transient cap near the vegetal pole of the egg. The second phase relocates the vegetal pole cytoplasm to a posterior-vegetal cytoplasmic domain called the myoplasm. Previous studies suggested that the mechanism that drives the first phase of ooplasmic segregation involves contraction of the myoplasmic actin-filament network, whereas the second phase involves extension of microtubules (Zalokar, 1974; Sawada and Osanai, 1981) . Understanding how specific RNAs are properly localized in ascidian eggs and embryos and how the localization mechanisms relate to ooplasmic segregation should provide information on the process of the mosaic mode of development of ascidian embryos.
Here we report four new genes, all of which are identically localized in the postplasm in the 16-cell embryo of Halocynthia roretzi, as HrWnt-5 (Sasakura et al., 1998a) and HrPOPK-1 (Sasakura et al., 1998b) RNAs are. We examined the detailed spatial patterns of distribution of these four mRNAs during very early embryogenesis and found that these RNAs were separated into two categories: one of these mRNAs, designated HrZF-1, was found localized with myoplasmic components from the prefertilization stage up to the 8-cell stage, exactly the same as HrWnt-5 and HrPOPK-1; we categorized these RNAs as type I postplasmic RNAs, whereas the others, designated HrPet-1, -2, and -3 (after posterior-ended translocation), are distributed throughout the cytoplasm of the unfertilized egg and then gradually become concentrated in the postplasm after fertilization until the 16-cell stage; we categorized this class of RNAs as type II postplasmic RNAs. The distribution of the type I postplasmic RNAs in stratified eggs suggests that these RNAs associate with the cortex of the unfertilized egg. Consistent with this, inhibition of the normal formation of the myoplasm during the first and second phases of ooplasmic segregation also prevented the type I postplasmic RNAs from segregating along with the myoplasm. On the other hand, transport for the localization of the type II postplasmic RNAs in the eggs and embryos was sensitive to cytochalasin B throughout ooplasmic segregation. Our results show that there are two distinct pathways for the localization of mRNAs at the posteriorvegetal cytoplasm in the early ascidian embryo. One is RNA translocation by sequestration and segregation, which depends on cytoskeletal machinery common to that utilized for the myoplasm formation, and the other is RNA accumulation in the egg and very early cleavage-stage embryos by continuous transport and postfertilization anchoring.
MATERIALS AND METHODS

Biological Materials
H. roretzi was collected in the vincinity of Asamushi Marine Biological Station, Tohoku University, Aomori, or purchased from fishermen near the Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, during the spawning season. H. roretzi is hermaphroditic and self-sterile. Naturally spawned eggs were fertilized with a suspension of nonself sperm. Eggs were reared at approximately 12°C in Millipore-filtered seawater containing 50 g/ml streptomycin (MFSW) after insemination.
To obtain stratified eggs, 600 l of a suspension of unfertilized eggs in MFSW was placed on a 9:1 mixture (v/v) of Percoll (Sigma, St. Louis, MO) and 10ϫ artificial seawater (1ϫ artificial seawater is 2.63% NaCl, 1.19% MgSO 4 -7H 2 O) in a 1.5-ml microcentrifuge tube, and the sample was centrifuged at 10,000 rpm for 10 min. Stratified eggs were found at the interface between the two layers. The eggs were immediately subjected to fixation.
Triton X-100 was used to permeabilize the eight-cell embryos to prepare cytoskeletal residues of the embryos, as described by Jeffery and Meier (1983) .
Inhibition of the first and second phases of ooplasmic segregation was carried out using 2 g/ml cytochalasin B (Zalokar, 1974; Sawada and Osanai, 1981) and 2 M nocodazole (Zalokar, 1974; Sawada and Schatten, 1989) , respectively.
DNA Sequencing
Full-length cDNAs were obtained by screening a conventional cDNA library of fertilized eggs constructed in Lambda ZAP II vector using original partial cDNAs as probes. The cDNAs were cloned into the plasmid vector pBluescript and sequenced using an automated DNA sequencer (ABI PRISM 377; Perkin-Elmer, Norwalk, CT).
In Situ Hybridization
Whole-mount specimens were hybridized in situ at 42°C using digoxigenin-labeled antisense probes, as described by Miya et al. (1994) . In the experiments indicated, the embryos were dehydrated and rendered transparent with a 1:2 mixture (v/v) of benzyl alcohol and benzyl benzoate after visualization of the hybridization.
Double-staining whole-mount in situ hybridization was carried out as described by Wada et al. (1997) .
Isolation of RNA
Total RNA was extracted using acid guanidinium-phenolchloroform (Chomczynski and Sacchi, 1987) . Poly(A) ϩ RNA was purified using Oligotex-dT30 beads (Roche Japan, Tokyo). Filter hybridization was performed with a 32 P-labeled DNA probe, and membranes were washed under high-stringency conditions. Nishida (1994) showed that the posterior-vegetal cytoplasm in fertilized eggs has functions in processes including muscle formation, suppression of anterior fate, generation of the posterior cleavage pattern, and morphogenesis of tail formation, suggesting that the establishment of anteroposterior asymmetry depends on prelocalized egg cytoplasmic factors. To obtain molecular probes with which the mechanisms underlying these processes can be examined, we performed a random mass screening of cDNAs from fertilized eggs of H. roretzi and identified prelocalized messages in the eight-cell stage using in situ hybridization. In the process, we found six clones out of about 150 cDNAs which showed posterior-vegetal localization in the eight-cell-stage embryo. Among them, HrWnt-5 encoded a secreted signaling protein of the Wnt family (Sasakura et al., 1998a) , and HrPOPK-1 encoded a novel class of cytoplasmic serine/ threonine kinase (Sasakura et al., 1998b) . Here we describe four additional clones.
RESULTS
Characterization of cDNAs Localized in the Posterior-Vegetal Cytoplasm
HrZF-1 (Accession No. AB029332) is 3600 bp long and encodes a 621-amino-acid polypeptide of a putative nucleic acid-binding protein with three zinc-fingers ( Fig. 1) . These putative zinc finger motifs were preceded by the conserved YKTEL motif (Stevens et al., 1998) and this class was termed C3H (cysteine-three-histidine). Genes belonging to the C3H class are suggested to be involved in preserving cellular potency in stem cell lineages during development (Mello et al., 1996) and also involved in regulating mRNA stability in early embryogenesis (De et al., 1999) .
HrPet-1 (Accession No. AB029333) is 4081 bp long and encodes a 532-amino-acid protein with homology to the yeast metal-fist transcription factor-interacting protein MIC1.
HrPet-2 (Accession No. AB029334) is 2021 bp long and encodes a 378-amino-acid polypeptide, and HrPet-3 (Accession No. AB029335) is 3754 bp long and encodes a 680amino-acid polypeptide. Neither of these two peptides shows homology to any known protein.
The fact that mRNAs encoding such a variety of molecules are localized in the small posterior region of the ascidian embryo is striking by itself.
Detailed Spatial Distribution of the Postplasmic RNAs in the Early Cleavage Stages
Each clone was then examined for the precise localization of the corresponding mRNA in the eggs and the early embryos by in situ hybridization of staged whole-mount specimens with digoxigenin-labeled riboprobe. Interestingly, despite the similar pattern of RNA distribution in the eight-cell stage, there were two different patterns of the RNA localization in the earlier stages.
The transcripts of HrZF-1 were detected in the peripheral cytoplasm, except for the animal pole region, in unfertilized eggs ( Fig. 2A ). After fertilization, the signals were transiently at the vegetal pole region after the first phase of ooplasmic segregation ( Fig. 2B ) and then the signals were seen in the subequatorial region (the myoplasm) in the eggs after the second phase of ooplasmic segregation (Fig. 2C) . The transcripts were localized in the narrow peripheral posterior cytoplasm in the 2-and 4-cell embryos (Figs. 2D and 2E) . At the 8-cell stage, these RNAs were restricted to the posterior region of a pair of posterior vegetal blastomeres called B4.1 cells ( Fig. 2F ). Unlike the myoplasm, which is distributed to both daughter blastomeres of B4.1 at the 16-cell stage, the transcripts of HrZF-1 were detected only in the pair of B5.2 cells, the posteriormost daughter blastomeres of the B4.1 cells (Fig. 2G ). The signals were found in the pair of B6.3 cells in the 32-cell embryo, then in the pair of B7.6 cells in the 64-cell embryo (Fig. 2H ). In the tailbud embryo, these maternal RNAs were seen stored in a few cells in the ventral region of the tail. This localization pattern is exactly the same as those of HrWnt-5 and HrPOPK-1 (Sasakura et al., 1998a,b) . We hereafter designate RNAs with this localization pattern as type I postplasmic RNAs.
On the other hand, the transcripts of HrPet-1, -2, and -3 were not localized, but rather were uniformly distributed in the unfertilized egg. The staining of the cortical region of the unfertilized egg appeared slightly faint, probably because of interference by the cortical microfilament network (Figs. 2I, 2M, 2Q, 3A, 3D, and 3G). At the 4-cell stage, there was clearly a small, localized signal near the posterior periphery in each B3 blastomere (Figs. 2J, 2N, and 2R). In embryos of the ascidian H. roretzi, hybridization signals of zygotic transcripts first appear in the nuclei (Makabe et al., 1990) . Because all the signals were observed at the periphery of the cells as shown in Fig. 2J , for example, these were considered to be of maternal origin. The localized signal became more distinct in the posterior-vegetal region in B4.1
FIG. 1.
A comparison of the amino acid sequences of the zinc finger motifs of HrZF-1 with those of mouse TIS11A (Varnum et al., 1989) , Xenopus XC3H-4 (De et al., 1999) , zebrafish CTH-1 (te Kronnie et al., 1999) , Caenorhabditis elegans PIE-1 (Mello et al., 1996) , and C. elegans MEX-1 (Guedes and Priess, 1997) . ). The sequestration of these RNAs in the posteriormost region continued as development proceeded until the early gastrula stage, as was the case with the type I postplasmic RNAs mentioned above. Substantial amounts of the RNAs were, however, still detected in the cytoplasm of every blastomere in cleavagestage embryos. We categorized these RNAs as type II postplasmic RNAs.
We investigated the spatial distribution of the type II mR-NAs in more detail between fertilization and the four-cell stage. After the first phase of ooplasmic segregation, the RNAs were accumulated at the periphery in the vegetal hemisphere (Figs. 3B, 3E, and 3H), and they then relocated to the posterior region after the second phase of the segregation (Figs. 3C, 3F, and 3I). Although this distribution pattern was similar to that of the type I postplasmic RNAs, as mentioned above, the distribution area during the segregation looked relatively more extensive than that of the type I RNAs. In order to directly compare the regions occupied by each of two types of the postplasmic RNAs at various stages, a double-staining whole-mount in situ hybridization method was applied. As shown in Figs. 3K, 3L, 3M, 3N, 3O, and 3P, the staining area of the type II postplasmic RNAs was always larger than that of the type I postplasmic RNAs around the vegetal pole after the first phase of the segregation and at the posterior-vegetal region after the second phase of the segregation. Moreover, the region occupied by the type II postplasmic RNAs often appeared to surround that of the type I RNAs. This may suggest that the two types of postplasmic RNAs have different final destinations to which they must be transported. The signals were very faint at the two-cell stage in most cases for some unknown reason. As development proceeded to the four-and eight-cell stages, in situ hybridization signals at the posterior end became stronger and less diffuse (Figs. 2J, 2K, 2N, 2O, 2R, and 2S). This suggests that the type II postplasmic RNAs are translocated continuously to the posterior end of the embryo during the first few cleavages.
The Type I mRNAs, but Not the Type II mRNAs, Are Tightly Associated with the Cortex of the Unfertilized Egg
The type I postplasmic RNAs were already localized at the periphery of the unfertilized egg. To explore whether the type I postplasmic RNAs are attached to the actin network in the egg, in situ hybridization experiments using centrifuged eggs were carried out. Even if unfertilized eggs are centrifuged at speeds high enough to disperse the pigment granules and internal cytoskeletal elements from the myoplasm, the actin network is not affected and is observed at the cortex (Jeffery and Meier, 1984; Sawada and Osanai, 1984) . In the case of the eggs of H. roretzi, a clear cytoplasmic layer is on the centripetal side, while yolk granules are next to the clear layer on the centripetal side after centrifugation. The results using HrWnt-5, HrPOPK-1, and HrZF-1 as probes are shown in Figs. 4A, 4B , and 4C, respectively. Signals were detected in the cortical region, suggesting that the type I RNAs are tightly associated with the cortex of the unfertilized egg.
The cytoskeletal basis of this RNA localization was also investigated by detergent extraction (Jeffery, 1984) . After permeabilization of the eight-cell embryos with the nonionic detergent Triton X-100 to extract the cytoplasmic materials, the remaining detergent-insoluble cytoskeletal residues were fixed and subjected to in situ hybridization with each of these RNAs as a probe. Consistent with the above-mentioned observation, the hybridization signals were seen at the posterior-vegetal region of the Triton X-100-extracted eight-cell embryos (Figs. 4G, 4H, and 4I) , demonstrating that the type I postplasmic RNAs are retained in the cortex. From these results, we concluded that these RNAs are associated with the cytoskeleton.
The type II postplasmic RNAs are distributed homogeneously throughout the entire cytoplasm of the unfertilized egg. Despite this even distribution of the RNAs in the unfertilized egg, distinct localization was observed in the posterior-vegetal region in the 8-cell embryo, and the distribution of the type II RNAs in the 16-cell embryo appeared to be identical to that of the type I postplasmic RNAs described above. In order to investigate how the RNAs are transported, we examined whether these transcripts are tightly connected with the cortex through any adaptor structures in the egg and then whether the movement that results in localization is based on association with a particular subcellular compartment of the peripheral cytoskeletal elements of the embryo. Stratified eggs were analyzed by in situ hybridization using HrPet-1, -2, and -3 antisense RNA probes. As shown in Figs. 4D, 4E , and 4F, the signals of the type II RNAs were not localized in the cortex and were seen in a layer of small-granule-rich cytoplasm, demonstrating that the type II RNAs are not tightly connected with the egg cortex. Localized signals of type II mRNAs were detected at the posterior poles of embryos (arrows). Note that every blastomere showed even staining in addition to the localized signals, although B4.1 seemed to contain less RNA because of interference of yolk granules. (L, P, and T) 16-cell embryos. Signals of type II mRNAs were detected at the posterior poles of embryos (arrow).
The Translocation of the RNAs Prelocalized at the Periphery of the Egg Is Associated with the Formation of Myoplasm
The distribution of the type I postplasmic RNAs up to the eight-cell stage was indistinguishable from that of the myoplasm, whose movement is mediated by microfilaments in the first phase of ooplasmic segregation and by microtubules in the second phase (Sawada, 1983; Jeffery and Meier, 1983) . To elucidate what cytoskeletal components are involved in the segregation of these RNAs, we examined the effects of cytoskeletal inhibitors which affect formation of the myoplasm on the segregation of these RNAs. After the unfertilized eggs were fertilized in the presence of cytochalasin B, which binds to the barbed end of actin filaments and disrupts their normal organization (Cooper, 1987) , or in the presence of nocodazole, which binds to tubulin and disrupts microtubules (Wilson and Bryan, 1974) , the one-cell zygotes were cultured until completion of the first phase of ooplasmic segregation and then analyzed by in situ hybridization. Another experiment in which the embryos were cultured in the presence of the drugs during the second phase of ooplasmic segregation was also carried out. As shown in Fig. 5A , one-cell zygotes treated with cytochalasin B during the first phase lost localization of HrZF-1 RNA; they were dispersed in several patches throughout the entire cortex. Nocodazole treatment during the same period did not affect the normal distribution of the RNA (Fig. 5C ), but exposure to the drug during the second phase of ooplasmic segregation resulted in the failure of the localized signal near the vegetal pole region to shift toward the posterior side (Fig. 5D ). Similar results were obtained with HrPOPK-1 and HrWnt-5 probes (data not shown). These results clearly demonstrated that translocation of the type I postplasmic RNAs takes place in a microfilament-dependent manner during the first phase of ooplasmic segregation and in a microtubule-dependent manner during the second phase of the segregation. This sensitivity suggested that these RNAs are moved by the common cytoskeletal machinery that is utilized for formation of the myoplasm, although it is not possible to distinguish the possibility that the transport and localization of the type I transcripts directly depends on the microfilaments or microtubules from the possibility that disruption of the myoplasm has an indirect effect on localization of these transcripts.
The Type II Postplasmic RNAs Are Continuously Transported to and then Anchored at the Postplasm
Although the type II RNAs were not tightly connected with the egg cortex, our observation that these RNAs were concentrated to the periphery of the vegetal hemisphere immediately after fertilization raised a possibility that translocation of the type II RNAs is associated with some cytoskeletal elements. To explore what type of cytoskeletal element interacts with these RNAs for anchoring them to the periphery, embryos were treated with a number of specific cytoskeletal inhibitors for various periods during embryogenesis.
Cytochalasin B treatment during the first phase of the segregation resulted in failure of transport of the type II RNAs to the periphery and thus failure of concentration of the RNAs in the vegetal hemisphere (Figs. 6A, 6E, and 6I) . When one-cell zygotes after the first phase of ooplasmic segregation were treated with the reagent until completion of the second phase of the segregation, the type II RNAs, which had once concentrated at the periphery in the vegetal hemisphere before the beginning of the treatment, became dispersed again throughout the cytoplasm, as they had been in the unfertilized eggs (Figs. 6B, 6F, and 6J) . These findings demonstrate that translocation of the type II postplasmic RNAs at the one-cell stage depends on microfilaments and that disruption of the microfilament network disrupts the localization of the RNAs.
Moreover, when cytochalasin B treatment was started after the 2-or 4-cell stage, and the embryos were cultured until control embryos reached the 8-cell stage, the signals were localized in a small region at the posterior end (Figs. 7A, 7B, 7C, and 7D). The signals seen in the embryos arrested between the 4-cell stage and the 8-cell stage were stronger than those seen in the embryos arrested between the 2-cell stage and the 8-cell stage. Because the treatment of the embryos between the 4-cell stage and the 16-cell stage had no effect on the translocation of the type II postplasmic RNAs (data not shown), longer drug treatment did not seem to be simply more effective than shorter drug treatment. This suggests that continuous translocation of the type II postplasmic RNAs after ooplasmic segregation remains dependent upon microfilaments, but that a fraction of the type II postplasmic RNAs which is already localized during the segregation is no longer sensitive to disruption of the microfilaments at these stages. It is thus likely that components other than the microfilaments act to anchor the type II postplasmic RNAs at the posterior end after ooplasmic segregation.
In contrast, when fertilized eggs were treated with nocodazole during the first phase of ooplasmic segregation, the type II postplasmic RNAs concentrated normally at the periphery in the vegetal hemisphere (Figs. 6C, 6G, and 6K) . Treatment with the reagent during the second phase of the segregation, however, caused diffusion of the once-localized signals throughout the periphery of the vegetal hemisphere, and it probably also prevented type II postplasmic RNAs from translocating to the posterior region (Figs. 6D, 6H, and  6L ). This demonstrates that accumulation of the type II postplasmic RNAs in the vegetal pole region is mediated by microtubules. It also suggests that keeping the type I and type II postplasmic RNAs at the vegetal pole region is mediated by different mechanisms, although there is a possibility that translocation to the posterior side itself may be performed by the same mechanism. Interestingly, longer exposure to the drug, from the time of insemination or completion of the first phase of ooplasmic segregation until the eight-cell stage, dispersed most of the localized type II postplasmic RNAs, but a ring-shaped signal around the vegetal pole was left (Figs. 7E, 7F, 7H, 7I, 7K, and 7L) . Consistent with this, neither treatment with nocodazole from the completion of the second phase of the segregation until the eight-cell stage nor treatment between the twoand the eight-cell stages affected the localization of the type II postplasmic RNAs (Figs. 7G, 7J, and 7M) . These results, together with the above-described results using cytochalasin B, suggest that there is anchoring machinery for the type II postplasmic RNAs at the posterior end which is independent of both microfilaments and microtubules.
The type II postplasmic RNAs thus are transported from the cytoplasm to the periphery after fertilization and moved to the postplasm. A fraction of the type II postplasmic RNAs are translocated in a microfilament-dependent manner to the posterior end via the vegetal pole region, where microtubules act to maintain the localization, and a second fraction of the RNAs is continuously transported to the posterior region from the two-cell stage to at least the four-cell stage in a microfilament-dependent manner. In both cases, the type II postplasmic RNAs are then anchored at the postplasm by unknown mechanisms.
Neither the Type I nor the Type II mRNAs Show Major Degradation during the Cleavage Stage
Northern blot hybridization analysis showed that there was no change in the amount of HrZF-1 mRNA from the prefertilization stage to the 64-cell stage (Fig. 8A ). Based on these findings together with those described above, we concluded that the type I postplasmic RNAs are sequestered on the cytoskeleton from the beginning of development and are all segregated along with the myoplasm probably without degradation during the cleavage stages; that is, the mechanisms of sequestration and segregation account for the localization pathway of the type I postplasmic RNAs.
Northern blot analysis showed that the level of HrPet-3 mRNA was constant throughout all the cleavage stages ( Fig. 8B) . We concluded that the mechanisms of continuous transport and postfertilization anchoring constituted the pathway by which the type II postplasmic RNAs become localized at the posterior ends of the embryos.
DISCUSSION
We have demonstrated that there are two major pathways by which RNAs are translocated and anchored at the postplasm in the early ascidian embryo. The transcripts of HrWnt-5, HrPOPK-1, and HrZF-1, which were designated type I postplasmic RNAs, are translocated along with a portion of the myoplasm until the eight-cell stage (sequestration and segregation). The stratification and the detergent extraction experiments suggest that these RNAs are associated with the cytoskeletal elements. Swalla and Jeffery (1995) reported that association of YC RNA in Styela with the myoplasmic cytoskeletal domain appears to take place during oogenesis. Sequestration of the mRNAs analyzed here may also take place during oogenesis. After fertilization, these RNAs are moved to the posterior-vegetal cytoplasm. The use of inhibitors that affect specific cytoskeletal elements revealed that this segregation depends on cytoskeletal elements; i.e., the translocation process is cytochalasin B-sensitive during the first phase of ooplasmic segregation and nocodazole-sensitive during the second phase. The use of inhibitors does not allow us to conclude that the RNAs interact directly with microfilaments during the first phase or microtubules during the second phase. It is, however, certainly possible that microfilaments and microtubules act indirectly through contact with other cytoplasmic components. Nevertheless, these experiments suggest that this translocation process is coupled with formation of the myoplasm, which is known to be dependent upon microfilaments during the first phase and upon microtubules during the second phase.
At the 16-cell stage, the type I postplasmic mRNAs start to be concentrated only in the postplasm, suggesting that these mRNAs do not directly attach to the myoplasmic components themselves, but rather to another cortical component in order to be segregated to the postplasm. It remains unknown how the postplasm containing these mRNAs segregates from the myoplasm by the 16-cell stage.
On the other hand, the transcripts of HrPet-1, -2, and -3, which are designated type II postplasmic RNAs, are distributed evenly throughout the cytoplasm in unfertilized eggs. When an egg is fertilized, a small fraction of the RNAs is translocated to the periphery near the vegetal pole, and then these RNAs are shifted to the posterior side. A part of the remaining fraction appears to start translocating to the postplasm to be anchored from the 2-cell stage (continuous transport and postfertilization anchoring). In our experiments, except for HrPet-3, which sometimes showed localized signals at the 2-cell stage, the other type II postplasmic mRNAs were rarely detected in the posterior region at this stage. At the 4-cell stage, however, every clone of the type II postplasmic RNA showed clear localization. In addition, our observations that treatment of the embryos with cytochalasin B from the 2-or 4-cell stage to the 8-cell stage resulted in localization of the signal at the posterior region, but that the signal in the latter case was stronger than that in the former, and that both signals were weaker than the signal in normal 8-cell embryos, support the model of continuous transport based on microfilament-mediated mechanisms and the existence of anchoring machinery independent of microfilaments at the posterior end. By the 16-cell stage, the distributions of the two types of mRNA become indistinguishable. These transport processes are dependent upon microfilaments throughout, and maintaining the RNAs at the vegetal pole region between the first and the second phases of ooplasmic segregation requires microtubules. Because neither cytochalasin B nor nocodazole brought the localization of the type II RNAs after the 2-cell stage to naught, there must be an anchoring mechanism that holds the type II postplasmic RNAs at the proper position after this stage. This suggests that another component is involved in the process. This finding, taken together with our preliminary observation that detergent-treated embryos still possess hybridization signals of the type II postplasmic RNAs at the posterior end (data not shown), suggests that the anchoring machinery may be associated with some macromolecules.
An alternative explanation for localization of the type II postplasmic RNAs is a possibility of differential RNA stability. Our Northern blot indicated that RNA levels remain constant through the early stages, but these data refer only to RNA from all blastomeres. There may be a possibility that the microtubule network is required to maintain RNA localization and that only localized RNA is stable. Examples of this have been shown for Hsp83 RNA, which is stable only in the posterior pole plasm of Drosophila . However, this is not a main cause for the type II postplasmic RNA localization, even if it occurs, because there were the signals of the type II RNAs in the central areas of the blastomeres but no staining was seen in the periphery of the cells at the beginning, and then only the postplasm showed the signals. All through the early cleavage stages, there was no staining along the periphery except the postplasm. Thus, the type II RNAs must translocate from the central cytoplasm to the postplasm. Glotzer and Ephrussi (1996) summarized three mechanisms for RNA localization: (1) simple diffusion, (2) active transport by cytoskeleton, and (3) transport by cytoplasmic flow. In any case, at its destination, the RNA could be anchored by associating with prelocalized receptors. Both types of postplasmic RNA were translocated at the vegetal cortex during the first phase of ooplasmic segregation in an actin-dependent manner. According to the above categorization, the type I postplasmic RNA could be translocated by active transport along the actin filament. On the other hand, the type II postplasmic RNA could be translocated by an actin filament-dependent cytoplasmic flow in the cytoplasm and anchoring by specific receptors at the postplasm.
There are also known to be two RNA localization pathways in Xenopus (Kloc and Etkin, 1995) . These pathways appear not to be homologous to either of the two pathways we described in this paper, because the RNA localization toward the cortex in Xenopus occurs during oogenesis while the RNA translocation to the postplasm in ascidian embryos occurs after fertilization. However, the observation of the RNA localization in the two animals suggested that the existence of multiple RNA localization pathways to close target sites in an egg (the vegetal cortex for Xenopus and the postplasm for ascidian) is common in various organisms and raised a possibility that RNAs translocated by different pathways differently contribute to embryogenesis by, for example, (1) making two protein gradients by altering the timing of translation of the RNAs or (2) the presence and absence of translational repression. Deshler et al. (1997) proposed a possible role for the endoplasmic reticulum in RNA localization in Xenopus. Speksnijder et al. (1993) reported that, at the electron microscope level, an ER-rich microdomain is present close beneath the myoplasm in unfertilized eggs of Phallusia mammillata. We cannot currently distinguish the spatial distribution of this microdomain from that of the postplasm during ooplasmic segregation. An in situ hybridization study at the electron microscope level may clarify whether the type I postplasmic RNAs are localized in the ER-rich microdomain and whether the microdomain is a part of the postplasm. Recently, a novel structure called the centrosome-attracting body was found in the posterior region of an ascidian embryo. The CAB seems to be spatially related to the postplasm. The report that the CAB is assembled between the two-and the eight-cell stages suggests a relationship between this structure and the localization machinery of the type II postplasmic RNAs. Although this structure was shown to act to generate unequal cell division by translocating the centrosome, it may have more than one function; for example, it may act as a carrier to transfer the type II postplasmic RNAs and/or a complex to anchor specific RNAs in the postplasm.
It is likely that translocation of RNAs to specific regions of the egg and embryo involves an intrinsic cis-acting signal(s) within the RNAs and trans-acting components with which the RNAs associate in the cytoplasm, because it is hard to imagine how the cytoskeleton could recognize those cis-acting signals without the intervention of factors specific for the RNAs. Sequence comparisons among the postplasmic RNAs showed no similarity, at least at the nucleotide level. Attempts to identify the cis-acting signals by injecting synthetic RNAs that contain various regions of the postplasmic RNAs into eggs will be necessary.
